r Sudden unloading of preloaded wrist muscles elicits motion to a new wrist position. Such motion is prevented if subjects unload muscles using the contralateral arm (self-unloading).
Introduction
Anticipation is an important feature of motor behaviour allowing the nervous system to prevent undesirable consequences of external or internal perturbations to minimize movement errors and maintain balance. Anticipation involves several brain areas, including the supplementary motor area (SMA), and dorsal and ventral posterior parietal (PMd, PMv) and primary motor (M1) cortices, the activity of which often begins to increase long before the onset of motor actions (for review see Riehle, 2005) .
Different variables have been associated with anticipatory behaviour (Churchland et al. 2010) . Cellular activity of the motor cortex has been correlated with several biomechanical variables such as EMG activity, muscle forces, movement direction and velocity, as well as with muscle and kinematic synergies (Kalaska, 2009; Capaday et al. 2013) . Based on such correlations, it is usually assumed that motor control in general and anticipation in particular is associated with direct pre-programming of desired biomechanical motor outcomes (Sussillo et al. 2015) .
In contrast, it has been shown that motor actions and their anticipatory aspects emerge without pre-programming, due to central specification of neurophysiological parameters -the threshold positions at which muscles of body segments begin to be recruited (for review see Feldman, 2011) . This control principle has been identified by analysing how the pool of motoneurons (MNs) with the muscle it innervates and all its normal circuitry, including central and afferent inputs, is controlled by spinal and supraspinal (descending) systems (Asatryan & Feldman, 1965; Matthews, 1959; Feldman & Orlovsky, 1972; Feldman, 2015; Turpin et al. 2016) . These systems predetermine a specific (threshold) muscle length (λ) or respective joint angle (R) at which MNs begin to be recruited (Fig. 1A) . Parameter λ can be changed due to direct (pre-and/or postsynaptic) inputs to MNs or indirect inputs mediated by interneurons or γ-MNs that innervate muscle spindle receptors. Once initiated, recruitment of MNs progresses in an orderly fashion depending on the excess of the actual muscle length over the threshold length (e.g. Turpin et al. 2016) . This excess depends, in particular, on mechanical and neural interactions between muscles and external forces. Thus, in the supra-threshold range, muscle activation increases depending on the difference between the actual (x) and dynamic, velocity-dependent threshold muscle length (λ * ) and produces a force-length or, in angular coordinates, torque-angle characteristic.
The muscle is controlled by shifting this characteristic in the spatial domain (Fig. 1B) . Figure 1C illustrates that spatial threshold control is an integral property of the neuromuscular system in which MNs having an electrical threshold receive length-dependent afferent feedback and central inputs that are independent of this feedback. These properties of MNs account for the different ways in which muscle activation or deactivation during intentional movements, reflex responses, isometric torque generation or muscle relaxation occur (Feldman, 2011) . Reflex gating, gain and muscle stiffness modulation can also be considered as primarily caused by shifts in the spatial threshold (λ) of muscle activation and/or changes in the muscle length and velocity (e.g. Turpin et al. 2016) .
Thus, in the context of threshold position control, descending influences on MNs (facilitation, de-facilitation or inhibition) are related to shifts in the spatial threshold or torque-angle characteristic. As primarily resulting from changes in the MN membrane potential, such shifts are accomplished in a feedforward way. This property of descending influences has been confirmed in several studies in animals (e.g. Feldman & Orlovsky, 1972) and humans (Raptis et al. 2010; Ilmane et al. 2013) .
One of several ways of coordinating activation thresholds is to specify a common spatial threshold called the referent body configuration such that all skeletal muscles reach their activation thresholds at this configuration. Changes in the referent body configuration are accomplished by reciprocal influences on α-MNs of opposing muscle groups usually called flexors and extensors.
Central systems can also co-facilitate α-MNs of flexor and extensor muscles. This means that angular thresholds for activation of flexors and extensors are shifted in opposite directions from the common threshold. As a consequence, the referent configuration becomes located within a spatial zone of body configurations at which flexor and extensor muscles are coactivated (coactivation zone). In the presence of muscle coactivation, the referent configuration is defined as the body configuration at which all muscles are active but generate net zero torques. In addition to coactivation, multi-muscle activity depends on the difference between the actual and referent body configuration. The referent body configuration is thus a major variable that allows the nervous system to control multiple muscles as a coherent unit to produce specific motor actions.
The deflection of body segments from the referent body configuration depends on mechanical and neural interactions between neuromuscular elements also affected by environmental forces. By adjusting the referent body configuration, the system modifies the emerging action to meet the motor goal. This is in contrast to the conventional notion that brain activity directly controls biomechanical variables (see also Churchland et al. 2010) . Using transcranial magnetic stimulation (TMS), it has been shown that corticospinal (CS) influences, probably combined with influences of other descending systems can be dissociated from EMG patterns (Raptis et al. 2010; Ilmane et al. 2013) . These influences thus predetermine the threshold positions of limb segments at which muscles begin to be activated, rather than specify biomechanical variables directly. Resetting of the spatial thresholds for muscle activation during active changes in the wrist position has been experimentally demonstrated in humans by perturbation methods, not relying on TMS (Raptis et al. 2010) . It has also been shown that threshold position control is involved in anticipatory preparations to external perturbations (Sangani et al. 2011) .
Anticipation is often demonstrated by asking a subject to hold a heavy book on the palm of the hand by flexing the elbow against gravity. When an assistant suddenly lifts the book, the arm involuntarily moves upward and stops at a more flexed position (sudden unloading or the unloading reflex, e.g. Hugon et al. 1982) . In contrast, if the subject lifts the book with the other hand, the arm remains almost motionless (self-unloading; Forget & Lamarre, 1995; Massion et al. 1999; Kazennikov et al. 2005 Kazennikov et al. , 2008 . In the case of sudden unloading, anticipation is minimal: muscle activation thresholds are maintained despite drastic changes in EMG levels and limb position (Ilmane et al. 2013) . In contrast, the system can anticipate changes in the external load resulting from self-unloading and, to prevent motion, may start adjusting muscle activation thresholds prior to changes in EMG signals and maintain the adjusted values of thresholds after the end of unloading, a possibility that has not been considered in previous studies of self-unloading.
In the present study, the role of CS influences in anticipatory motor actions was evaluated in healthy subjects using TMS of the site of the motor cortex projecting to MNs of wrist muscles at different phases of self-unloading of the wrist joint. Motor evoked potentials (MEPs) induced by TMS of the primary motor cortex (M1) provide only a partial representation of CS influences (for review see Bestmann & Krakauer, 2015) . The majority of the short latency MEPs in healthy adults are mediated by large corticospinal neurons in M1 with fast-conducting axons (Lemon et al. 2002) . Slower conducting axons also make monosynaptic connections with upper limb MNs (Porter & Lemon, 1995) . However, there are CS pathways originated from other areas of the cortex (PMd, PMv and SMA; Bestmann & Krakauer, 2015) . Moreover, CS neurons in M1 also send collaterals to neurons in rubro-, reticuloand vestibulo-spinal descending systems influencing spinal MNs (Keizer & Kuypers, 1984 . Therefore, MEPs in our study evaluate descending influences transmitted by corticospinal pathways originating from M1 with possible involvement of other descending pathways to spinal MNs (see also Discussion).
We tested the hypothesis that to preserve the wrist position, CS influences originating from M1 start changing prior to EMG signals associated with self-unloading and that a new level of these influences . Threshold position control of muscle activation and force A, muscle is active when the difference between the actual muscle length x and the dynamic threshold muscle length λ * for recruitment of the smallest motor unit is positive; λ * depends on central influences on λ, sensitivity μ to stretch velocity v and on parameter ρ comprising effects of intermuscular interaction, cutaneous influences and effects of plateau potentials. The number (n) of recruited motor units increases with the increasing difference between the actual muscle length and the dynamic threshold length. B, active muscle force also increases with this difference. C, the physiological origin of the muscle activation threshold and its central regulation. The membrane potential of an initially inactive MN increases with muscle stretching (lower diagonal line), and when the potential reaches the electrical threshold at some threshold muscle length (λ) the MN is activated. This spatial threshold decreases by λ if the membrane potential is enhanced ( V) via independent central inputs to the MN (upper diagonal line). [Colour figure can be viewed at wileyonlinelibrary.com]
is maintained after the unloading offset. Furthermore, we aimed to explain the EMG and kinematic patterns of sudden unloading and self-unloading based on the notion that descending systems predetermine, in a feedforward way, threshold positions at which muscles begin to be activated. Preliminary results were reported in abstract form (Zhang & Feldman, 2016) .
Methods

Subjects
Nineteen healthy subjects (9 males, 28.5 ± 6.2 years, range 19-41 years, right-handed) participated in this study. They had no history of movement or neurological disorder and did not take psychoactive or other drugs that could affect cortical excitability. All subjects signed an informed consent form approved by the institutional Ethics Committee (CRIR) in accordance with the 1964 Declaration of Helsinki.
Experimental set-up and data recording
Subjects sat in a dental chair that supported the head, neck and torso. The semi-supinated right forearm was fixed in a padded brace on a table (elbow angle ß110 deg, shoulder horizontal abduction ß45 deg). The weight of the hand with extended fingers was supported with a 5 cm Velcro strap suspended from one arm of an electrical goniometer fastened above the wrist joint, with the other arm of the goniometer aligned with the forearm. The hand was positioned 0.5 cm above a light horizontal manipulandum. The vertical axis of the manipulandum, the wrist flexion-extension axis and the axis of the goniometer were co-aligned. A torque motor [Parker iBE342G, (Parker Hannifin, Cleveland, OH, US), maximal torque 5 N m] connected to the axis of the manipulandum applied moderate wrist extension torques (ß10% maximum voluntary contraction (MVC), range 0.6-1.5 N m) to the wrist initially placed in 25 deg extension ( Fig. 2A ) from the neutral wrist position (when wrist muscles are fully relaxed) defined as 0 deg. Torque transmitted to the palm via a vertical plastic board attached to the manipulandum was compensated by wrist flexors in the initial position. Unloading was produced either by turning off the motor ('sudden unloading') or by subjects themselves using their left hand to pull the vertical board off the right hand, thus releasing it from the torque generated by the motor ('self-unloading'; Fig. 2B ). The position of the manipulandum was recorded with an optical encoder coupled to the shaft of the manipulandum. The wrist flexion-extension angle was recorded with the goniometer. Bipolar surface EMG activity was recorded from two wrist flexor and two wrist extensor muscles: the flexor carpi radialis (FCR), flexor carpi ulnaris (FCU), extensor carpi radialis (ECR) and extensor carpi ulnaris (ECU). Prior to electrode application, the skin was cleaned with alcohol. Pairs of Ag-AgCl pre-gelled electrodes (1 cm diameter, interelectrode distance 2-3 cm) were placed above the muscle bellies. The reference electrode was placed at the level of the elbow joint. EMG signals were amplified (×2000) using a Noraxon telemetric system (Telemyo 16, Noraxon, Scottsdale, AZ, USA).
A customized program (LabView, National Instruments, Austin, TX, USA) recorded data from the goniometer, optical encoder of the torque motor, When the load was suddenly removed (sudden unloading), the wrist involuntary flexed to a final position. B, when the subject removed the load using the other hand (self-unloading), the wrist remained almost motionless. C and D, wrist angle and EMG patterns of flexor (FCR, FCU) and extensor (ECR and ECU) muscles during two unloading tasks in a representative subject (S6). Self-unloading onset (right vertical line in D is the time when flexor EMG levels began to decrease. E and F, mean ± SD EMG levels of wrist muscles at the initial and final positions for the group of 10 subjects. With transition to the final position, flexor EMG levels decreased in both unloading tasks but extensor EMG levels increased only in the self-unloading task (F). [Colour figure can be viewed at wileyonlinelibrary.com] torque sensors and EMG signals (common sampling rate 5 kHz). The program also controlled the motor (torque onset, duration and magnitude) and TMS timing. The current wrist position was displayed as a bar on a computer display in front of subjects such that they could establish the initial wrist position in each trial. Positional feedback was unavailable after unloading.
TMS
Single-pulse TMS was delivered via a cone-shaped double figure-8 coil (110 deg between two cones, 70 mm outer diameter) and connected to a Magstim 200 system (Magstim Company Ltd, Whitland, UK). Compared to mono-circular coils, the cone-shaped figure-8 coil we used better fits the shape of the head and produces more focal TMS (Deng et al. 2013) . The coil was suspended from a double-joint manipulandum of the dental chair to reduce the pressure on the subject's head. The coil was positioned over the wrist area of the subject's left motor cortex (the middle of the coil was about 2 cm anterior and 6 cm lateral to the vertex). TMS induced a posterior-anterior directed current. The optimal site for stimulation was located by moving the coil from the above location in small discrete steps on the surface of the head until the EMG responses to TMS, i.e. motor evoked potentials (MEPs), in at least one wrist muscle (most often flexors) remained stable for five consecutive trials while subjects maintained a neutral wrist position with minimal EMG activity in the absence of the load. MEPs were monitored on an oscilloscope. The TMS intensity was then decreased to determine the resting motor threshold (Rossi et al. 2009 ) when MEPs just began to exceed the background EMG activity in at least three of five consecutive trials. TMS intensity was then increased to 1.2× above threshold. The optimal site was marked on the scalp. In addition, six markers were placed on the head around the coil perimeter as a visual reference for maintaining the coil position throughout the experiment.
Kinematic and EMG responses to sudden unloading and self-unloading (no TMS, Block 1)
Kinematic, EMG patterns and self-unloading onset in the absence of TMS were determined in 10 subjects (S1-S10). For comparison, the EMG patterns of responses to sudden unloading were determined only in six subjects (S5-S10) since these patterns have been recorded in another study (Sangani et al. 2011) . The two unloading tasks were performed in separate sets (10 trials in each) in a random order across subjects. During sudden unloading, the load was abruptly removed (motor turned off) about 4 s after the initial position was established. Subjects were instructed not to voluntarily correct the hand excursion elicited by unloading and let the hand come naturally to a flexed position. In preparation for self-unloading, subjects held the left hand 1-2 cm above the vertical board of the manipulandum. About 4 s after the initial position of the right hand was established, the colour of the window for the position cursor changed ('go' signal). In response, subjects flexed the fingers of the left hand to move the vertical board away from the right hand, thus unloading the flexors (Fig. 2B ). Compared to sudden unloading, only small deflections of the right hand from the initial position were observed (see Results) and subjects were instructed to abstain from intentionally changing this natural behaviour. Three to four practice trials were sufficient for subjects to produce systematic responses in each type of unloading.
Testing corticospinal influences prior to self-unloading (Block 2)
In a set of trials with self-unloading, MEPs in subjects S1-S10 were tested at randomly chosen intervals (2 s before, and 70, 120 or 170 ms after the go signal; 15 trials/interval, 60 trials in total). In 3 out of 10 subjects, MEPs triggered by TMS 170 ms after go signal occurred after the onset of self-unloading identified by the onset of a decrease in the background EMG level, and respective trials were excluded from analysis (15 trials for each of the 3 subjects). In another set of 60 trials with sudden unloading in 12 subjects (S5-S11, S15-S19), MEPs were tested at similar intervals before sudden unloading onset. The order of sets of trials with sudden and self-unloading was randomized across subjects. In each trial, only one TMS pulse was delivered at the chosen interval.
Corticospinal influences before and after self-unloading (Block 3)
Since MEP amplitudes depend on motoneuronal excitability (Di Lazzaro et al. 1998; Todd et al. 2003; Raptis et al. 2010) , tonic CS influences before and after self-unloading should be compared based on MEPs associated with similar EMG levels. To meet this requirement, we used a TMS conditioning technique (Ilmane et al. 2013) in which MEPs were obtained during a transient silent period in the tonic EMG activity resulting from a brief torque shortening wrist flexor muscles (50 ms, 1.2-1.6 N m). The torque pulse shortly preceding TMS was delivered either 2 s before or 5 s after the go signal for self-unloading. These intervals were chosen to produce MEP measurements during background steady states before self-unloading and after small changes in the wrist position following self-unloading. The torque pulse transiently diminished the initial torque transmitted to the hand such that the vertical board of the manipulandum remained in contact with the hand. In contrast, after self-unloading, the board was separated from the hand and, to produce a torque pulse that shortened flexor J Physiol 595.15 muscles after unloading, the hand contact with the board was restored by the experimenter.
In 10 subjects (S2, S5, S8, S11-S17), EMG levels during the silent period in the absence of TMS were measured in 30 trials (15 trials for each wrist position). Then, MEPs were measured in another 30 trials in which TMS was triggered at a delay 19-25 ms (chosen empirically, individually for each subject) after the torque pulse onset such that MEPs occurred during the EMG silent periods. Because of the dependency of MEPs on background EMG levels, MEPs evoked during EMG silent periods were small so that TMS intensity was increased to 1.3-1.4 above threshold. According to Darling et al. (2006) , MEPs scale linearly with TMS intensity in the range of 1.2-1.4 above threshold. Since we only focused on changes in MEP values before versus after self-unloading, an increase in the TMS intensity within this range could not affect our results. Since EMG silent periods could not be systematically produced by shortening wrist extensors, the comparison of descending influences was done only for flexors.
Control tests
As described above, self-unloading was produced in response to a visual stimulus -change in colour of the window with the cursor indicating the right-hand position. This stimulus was not used in sudden unloading experiments in 6 out of 12 subjects. For the other six subjects, this stimulus was added as a warning signal before sudden unloading, just to indicate to subjects that unloading is coming. In this way, we tested whether or not this stimulus in itself could elicit changes in MEPs. With this modification, the protocol of Block 2 for sudden unloading was repeated.
We also tested whether or not the force produced with the left hand to unload the right hand could per se be responsible for the change in MEPs before self-unloading. In this control test, subjects established the initial position of the right hand while compensating the load. They positioned the left hand as in preparation to self-unloading. However, in response to the go signal, subjects pressed the fingers of the left hand against a motionless board without touching the board of the manipulandum such that the right hand remained loaded. The force applied to the motionless board resembled that during self-unloading. With this modification, the protocol of Block 2 for self-unloading was repeated in six subjects.
Data analysis
Wrist angle and manipulandum position data were smoothed by a 40 ms window zero-phase moving-average filter. EMG signals were filtered by a zero-phase 4th order Butterworth band-pass filter (30-500 Hz). MEP amplitude was measured as the peak-to-peak response to TMS within a 50 ms window after the TMS artefact.
In Block 1 (sudden-and self-unloading without TMS), EMG levels were measured as the root mean square (RMS) EMG value computed in a 500 ms window at the initial and final positions (sudden unloading: 2 s before or 1 s after the unloading onset; self-unloading: 2 s before or 1 s after the go signal). Self-unloading onset was defined as the onset of FCR EMG change. Following the go signal, the onset of change in EMG was determined as the first point at which rectified FCR EMG decreased more than 3 SD of the EMG level at the initial position (McMillan et al. 2004; Perreault et al. 2008; Manning & Bawa, 2011) . The differences in the onset of EMG changes in different wrist muscles were very small (about 5 ms).
In Block 2 (CS influences before sudden and selfunloading), we first determined changes in mechanical responses to TMS before self-unloading onset in 15 trials. These responses were small (<3 deg) and could be detected only in 6 out of 10 subjects. We determined changes in the wrist angle 75 ms after each TMS trigger and compared changes between two TMS trigger conditions: 2 s before and 120 ms after the go signal.
In the analysis of changes of CS influences based on MEPs, the self-unloading onset was defined as the beginning of the change in flexor EMG levels in non-TMS trials from Block 1. We thus excluded a small delay in the onset introduced by TMS (Rothwell et al. 1989; Pascual-Leone et al. 1992; Taylor et al. 1995; McMillan et al. 2004) .
For each muscle, the background EMG levels in Block 2 were measured as the RMS EMG values in a 20 ms window before TMS trigger and the MEP onset was identified when the rectified EMG activity exceeded the background EMG level by 3 SD. To verify that changes in MEPs occurred during similar background EMG levels based on an equivalence test (see Statistical analysis section) we compared these levels before the go signal with those after the go signal at each time of TMS triggering. Similar analysis of the MEP-EMG relationship was done prior to sudden unloading. Forty-five of the totals of 600 trials (or 7.5%) were rejected due to non-equivalence of EMG levels.
In Block 3 (comparison of MEPs before and after self-unloading), the beginning of the EMG silent period elicited by shortening of flexor muscles was determined from the rectified and averaged EMG activity in non-TMS trials when EMG decreased by at least 90% from the baseline value (in a 500 ms window) before the torque pulse, and verified visually. EMG levels during the silent period were computed as the mean rectified EMG in a 20 ms window after the EMG silent period onset. The choice of the window duration for measuring EMG levels in Block 3 was limited by the experimental conditions since MEPs were produced during EMG silent periods (duration about 50 ms) elicited by a muscle shortening pulse. TMS was timed to evoke MEPs in the middle of the silent period when EMG was minimal such that we could only measure this EMG level in about a 20 ms period before the MEP. For consistency, the 20 ms window was chosen for measuring the EMG levels before TMS in Block 2. We measured MEPs at several points before the unloading onset in the absence of changes in the EMG levels. Windows longer than 20 ms could be less sensitive to detect the EMG changes at these points. However, we also checked that increasing this interval to 50 ms in Block 2 affected our results only in a minor way.
For group analysis in Blocks 2 and 3, MEP amplitudes in each subject were normalized individually for each muscle by the maximal MEP before unloading and then averaged across trials, separately for each time of TMS triggering. EMG signals were normalized in a similar way.
Statistical analysis
Background EMG levels and MEP amplitudes at each position were reported as the mean ± 1 SD for each muscle. Since background EMG levels and MEP amplitudes were not normally distributed (Shapiro-Wilk test, P < 0.05) and did not have equal variances (Levene's test, P < 0.05), non-parametric Kolmogorov-Smirnov tests were used to compare measures in the same subject (for EMG levels in Block 1 and for MEPs in Block 3: before and after unloading; for MEPs in Block 2: intervals before self-unloading). The paired Wilcoxon signed rank test was used to determine group differences between conditions in Blocks 1 and 3. To compare mechanical responses to TMS before self-unloading onset (Block 2), non-parametric Kolmogorov-Smirnov tests for individuals and paired Wilcoxon signed rank test for group analysis were also used. A significance level of P < 0.05 was used for these and other tests.
To assess the similarity of background EMG levels before and after the go signal in Block 2, non-parametric equivalence tests for median differences (Meier, 2010) were used, individually for each subject. These tests necessitate an a priori decision about the minimal difference between two sets of data to conclude that the sets are not equivalent (Rogers et al. 1993) . We defined equivalence as the difference between the median EMG levels that remained within the range [−CI/2, CI/2], with CI indicating the magnitude of the maximal 95% confidence interval of the two EMG levels being compared. In Block 2, we also compared the EMG levels using a non-parametric paired equivalence test. This test consists of two one-sided Wilcoxon signed-rank tests (Schuirmann, 1987; Mara & Cribbie, 2012) to verify that the differences between EMG levels remained within an equivalence interval also defined as [−CI/2, CI/2] but with the CI corresponding to the magnitude of the 95% confidence interval for the differences. In all cases, the 95% confidence intervals were computed from the empirical distributions of the data to avoid making assumptions about variability distribution. In Block 3, EMG levels during silent periods before and after self-unloading (non-TMS trials) were compared based on equivalence tests similar to those used in Block 2. For all non-parametric equivalence tests P < 0.05 indicated equivalence. Figure 2C and D shows typical kinematic and EMG patterns during sudden unloading and self-unloading in single trials in a representative subject (S6). The load (0.6 N m, acting in extension) was balanced at an initial position of 25 deg wrist extension. At this position, both wrist flexors (FCR and FCU) were activated while the extensors (ECR and ECU) were silent or had minimal activity. After sudden unloading, flexors were shortened and extensors were stretched, leading to a decrease in flexor EMG levels (latency about 25 ms) and later to a silent period, whereas extensors were activated (Fig. 2C) . The wrist came to a new position at 47 deg flexion (mean 46.8 deg, group range 38-54 deg). Compared to the initial position, flexor EMG levels at the final position decreased (for FCR, P = 0.016, for FCU, P = 0.016), while there was no difference in EMG activity levels between the two positions for both extensors (for ECR, P = 0.297, for ECU, P = 0.375; Fig. 1E ).
Results
Sudden unloading and self-unloading without TMS (Block 1)
For self-unloading, the mean difference between the onsets of changes in the activity of FCR and FCU was less than 5 ms. The EMG changes started about 180 ms after the go signal (183.5 ± 18.6 ms for the group; Fig. 2D ). Compared to sudden unloading, the wrist excursion after self-unloading was minimal (about 5 deg on average, range 3-10 deg). In the final position, EMG levels were lower for both flexors but higher for extensors than in the initial wrist position (for FCR, P = 0.001, for FCU, P = 0.001, for ECR, P = 0.010, for ECU, P = 0.005; Fig. 2F ).
Corticospinal influences prior to sudden and self-unloading onset (Block 2)
Changes in CS influences with similar EMG levels before self-unloading onset could be detected based on small mechanical responses to MEPs (i.e. wrist angular displacement). In Fig. 3A angular traces were aligned to the TMS trigger and angular displacements were compared between different TMS trigger conditions. Angular displacement elicited by the MEP was bigger when TMS was triggered 2.2 s before self-unloading onset than when triggered 75 ms before the onset (2.8 ± 0.2 deg J Physiol 595.15 vs. 1.2 ± 0.3 deg, respectively; P = 0.005; for the group: P = 0.016).
Changes in CS influences before self-unloading could also be detected in MEP amplitudes. Figure 3B shows a typical pattern of MEP modulation in response to TMS applied 2 s before and 170 ms after the go signal (mean ± SD of 15 trials in S4). In this subject, flexor MEPs decreased and extensor MEPs remained unchanged before the self-unloading onset (FCR and FCU: P < 0.001; ECR: P = 0.890; ECU: P = 0.589). In contrast, in subject S9 (Fig. 3C) , flexor MEPs did not change but extensor MEPs increased before the self-unloading onset (FCR: P = 0.589; FCU: P = 0.308; ECR: P = 0.005; ECU: P < 0.001). For each subject, EMG levels were equivalent across conditions (non-parametric equivalence test for each muscle, P < 0.02, Fig. 3, right panels) .
Group results of MEP changes at different intervals before the self-unloading onset are shown in Fig. 4 . MEP patterns characteristic of S4 (Fig. 3B ) -a decrease in flexor MEPs (P < 0.05) without changes in extensor MEPs (P > 0.05) -were observed in six subjects (S1, S3-S6 and S8, Fig. 4A , left panel). In the remaining four subjects (S2, S7, S9, S10), extensor MEPs increased before the self-unloading onset in the absence of changes in flexor MEPs (in S9) or in combination with a decrease in MEPs of one flexor (S10) or both flexors (in S2, S7). Group EMG levels were equivalent across all conditions (non-parametric paired equivalence test for each muscle, P < 0.008; Fig. 4B ).
For the subgroup of subjects with decreasing flexor MEPs, MEPs started to decrease 72.1 ± 38.5 ms before self-unloading onset, i.e. prior to changes in the EMG levels. Extensor MEPs started to increase 11.3 ± 6.3 ms before self-unloading onset. In contrast, prior to sudden unloading, no changes in flexor and extensor MEP were observed (for all muscles, P > 0.05).
Corticospinal influences before and after self-unloading onset (Block 3)
The tonic EMG levels before the onset and after the end of self-unloading were different (Fig. 2) . To compare descending influences at these steady states, it was necessary to take into account that MEPs depend not only on these influences but also on motoneuronal excitability (see Methods). To equalize EMG levels at times when MEPs occurred, a muscle-shortening torque pulse preceding TMS was delivered. Rapid torque pulses induced shortening of flexor (FCR, FCU) muscles and a silent EMG period (about 50 ms), starting from ß40 ms (group latency 38-45 ms) after the perturbation onset (Fig. 5A) . The same perturbation elicited EMG bursts in the rapidly stretched extensors (ECR, ECU, Fig. 5A ). Except for one subject (S17), this procedure equalized flexor EMG levels before and after unloading in nine subjects (non-parametric equivalence test, S2, S5, S8, S11-S16, for each subject, FCR: P < 0.020; FCU: P < 0.036, Fig. 5C ). Compared to the background level before perturbation, flexor EMG amplitudes were reduced due to perturbation by about 90% (Fig. 5B) . Group EMG levels of flexors during silent periods were similar before and after self-unloading (non-parametric paired equivalence test: FCR: P = 0.004; FCU: P = 0.004, Fig. 5C ).
TMS was triggered about 20 ms (19-25 ms for the group) after the perturbation onset, such that MEPs occurred during EMG silent periods (Fig. 6A) . The shape of MEPs was usually bipolar, with the first and opposite peaks occurring in both flexors at 23 and 28 ms after the TMS trigger, respectively. Therefore, the measured peak-to-peak MEP amplitudes reflected CS influences before possible transcortical effects elicited by perturbation (latency about 58 ms in wrist muscles, Manning & Bawa, 2011 , see also Discussion). Flexor MEPs decreased after self-unloading onset (group paired test: FCR: P = 0.004; FCU: P = 0.019, test for individual subject: FCR: P < 0.017; FCU: P < 0.017), as shown for the group of nine subjects in Fig. 6B .
Control tests
No significant changes in MEPs before sudden unloading were observed when a signal warned of imminent unloading (for each muscle in each subject, P > 0.05).
In the other control experiment, subjects just pressed fingers of the left hand against a motionless board in response to the go signal, without unloading the right hand. The position and EMG levels of muscles of the right hand in this experiment remained unchanged prior to the onset of left hand pressure in all subjects tested (for each muscle: P > 0.05). In only one out of six subjects, MEPs of right hand muscles changed prior to the left hand pressure (FCR: P = 0.052; FCU: P = 0.001; ECR: P = 0.051; ECU: P = 0.017). However, the pattern of these changes in this subject was different from that preceding self-unloading: right-hand extensor MEPs decreased in the control experiment but increased before self-unloading. Although only six subjects participated in both control experiments, using Cohen's criterion (Cohen, 1969) , we found that the differences in the MEPs between conditions were minimal and could be affected by changes in the sample size only in a minor way (effect size d < 0.11 for all 4 muscles). Taken together, results of these control experiments show that neither the go signal, nor the force exerted by the left hand was responsible for MEP changes prior to self-unloading.
Discussion
Active role of the corticospinal influences in anticipation
To test the role of the CS influences originating from M1 in anticipation in the self-unloading task, we first investigated the timing of these influences on MNs of wrist flexor and extensor muscles prior to the unloading onset. A decrease in mechanical responses to TMS suggested a change in CS influences prior to the onset of self-unloading. More specific changes in these influences were identified based S8 S11 S12 S13 S14 S15 S16 . Transiently equalizing EMG levels by brief muscle shortening before and after self-unloading in the TMS conditioning technique A, silent EMG periods in shortening flexors and EMG bursts in stretched extensors (subject S14). B, EMG levels of flexor muscles before and after self-unloading (mean ± SD), for the group of 9 subjects. The first bar for each muscle shows the tonic EMG level at the initial position in the absence of muscle shortening. C, similarity in the EMG levels during silent periods elicited before and during a steady state after self-unloading, as confirmed by an equivalence test (see Results). [Colour figure can be viewed at wileyonlinelibrary.com] on the analysis of MEPs. In anticipation of self-unloading, before changes in the EMG activity levels, CS facilitation of pre-activated flexor MNs began to decrease and/or that of extensor MNs began to increase about 72 ms and 11 ms prior to unloading, respectively. In comparison, CS influences remained invariant prior to sudden unloading, implying the absence of anticipation. We also used the TMS conditioning technique to record flexor MEPs during EMG silent periods, when EMG levels before and after self-unloading were transiently equalized by muscle shortening to minimize the effect of MN excitability on the evaluation of CS influences. We found reduced CS facilitation of flexor MNs after the end of self-unloading. Results of control experiments showed that neither the go signal, nor the force applied by the left hand themselves caused the MEP changes prior to self-unloading, suggesting that these changes manifested anticipatory properties associated with the bimanual task. Thus, in anticipation of self-unloading, CS influences began to change prior to EMG levels in the selfunloading task and these changes were maintained after unloading.
As mentioned in the Introduction, there are CS influences originated from other areas of the cortex (PMd, PMv and SMA; Bestmann & Krakauer, 2015) that were not tested in the present study. Moreover, we cannot rule out that TMS responses involved not only CS pathways from M1 but, via collateral connections, other descending pathways. These uncertainties in identification of descending systems involved in anticipatory control can be considered as a limitation of our study, which can be overcome in future research. Future studies could also investigate the possible role of ipsilateral CS influences on flexor and extensor MNs in anticipation of self-unloading in this bimanual task.
Previous studies of brain activity in primates or brain imaging in humans showed very early changes (hundreds of milliseconds before EMG onset) in M1 activity in the preparation period of an action or prior to an expected perturbation (Riehle, 2005; Churchland et al. 2010) , as well as for a load-lifting task (Ng et al. 2011 (Ng et al. , 2013 . The functional role of such early activity is still debated (Wong et al. 2015) . The gradual increase in MEP size, starting from a resting state ß100-150 ms before EMG onset in reaction time experiments, led to the suggestion that M1 neurons influence MNs at a subthreshold level during this period (e.g. Chen et al. 1998; Leocani et al. 2000) , which is consistent with the notion of threshold control of muscle activation. Kazennikov et al. (2005 Kazennikov et al. ( , 2008 tested CS influences on elbow flexor MNs after the unloading onset and found that MEPs decreased in parallel with EMG levels, both during sudden unloading and self-unloading. In contrast, we tested CS influences before changes in the tonic EMG level in these tasks to reveal that these influences started to change prior to EMG signals in the self-unloading task in anticipation of unloading but not in the sudden unloading task.
Our results extend previous findings that descending influences are independent of MN output (Feldman & Orlovsky, 1972; Raptis et al. 2010; Sangani et al. 2011; Ilmane et al. 2013) . In other words, the descending systems primarily influence the intrinsic state of α-MNs, without predetermining the MN output -EMG signals. These central influences can be mediated via direct or indirect pre-or postsynaptic inputs to α-MNs via spinal interneurons or γ-MNs (Matthews, 1959; Feldman & Orlovsky, 1972;  for review see Feldman, 2015) . One can also suggest that changes in the intrinsic state of α-MNs can be produced by CS influences on persistent inward currents from MN dendrites responsible for rhythmic firing of MNs (plateau potentials; e.g. Kiehn & Eken, 1998; Heckmann et al. 2005) .
According to our analysis, flexor EMG signals began to decrease comparatively late, about 72 ms after a decrease in CS facilitation. Indeed, changes in CS influences in the absence of changes in EMG levels have been observed in other studies, e.g. during preparation of finger or wrist motion (Hoshiyama et al. 1996; McMillan et al. 2004; Duque et al. 2010) . One reason for the large delay in a decrease in flexor EMG activity after the onset of CS de-facilitation in our study may be related to the nature of de-recruitment of active motor units (MUs). The initial load was comparatively small and was probably balanced due to tonic firing of low-threshold MUs, possibly maintained by persistent inward currents from dendrites (Kiehn & Eken, 1998; Heckmann et al. 2005) . Such firing can persist for some time after the end of postsynaptic facilitation of active MNs (Kiehn & Eken, 1998; Heckman et al. 2008 ), delaying their de-recruitment. However, de-recruitment of tonically active flexor MUs Fig. 5 ) A, upper trace shows wrist angle during self-unloading task in subject S11. Lower traces are MEPs (mean ± SD) obtained 2 s before and 5 s after the go signal to self-unloading. Both flexor MEPs decreased after self-unloading onset. B, group results for 9 subjects (S2, S5, S8, S11-S16), showing that corticospinal influences on flexors decreased after self-unloading ( * P < 0.02 (Angel et al. 1965; Sinkjaer et al. 2000) , rather than the CS system. It remains unclear why the delay in de-recruitment of MUs elicited by afferent feedback was different from that elicited by descending de-facilitation. One can notice that the initial magnitude of flexor MEPs prior to self-unloading . By initiating shifts in the threshold position at which MNs begin to be recruited prior to changes in the muscle activity, descending systems can minimize the wrist motion in the self-unloading task (schematic diagrams) A, in order to establish the required initial wrist position while compensating a load (dashed horizontal line) that tends to extend the wrist joint, descending systems specify appropriate threshold joint angles (R F and R E ). Resulting flexor activity and torque balance the load at the initial position. Following sudden unloading, the equilibrium point of the system is mechanically shifted from point a to point b located within a small coactivation zone (between R F and R E ). Muscle-reflex properties are sufficient to accomplish movement to point b while the influences of descending systems may remain unchanged. B, in contrast, in anticipation of self-unloading, descending systems can start decreasing facilitation of flexor MNs and increasing facilitation of extensor MNs before the unloading onset, thus shifting the spatial flexor and extensor thresholds and torque-angle characteristics in the same direction, towards the initial position. This process can also increase the coactivation zone. As a result, the system prevents motion to point b by setting equilibrium point c, thus minimizing the wrist deflection from the initial position.
[Colour figure can be viewed at wileyonlinelibrary.com] substantially exceeded the background tonic EMG levels (e.g. Fig. 3B ). The response to TMS could result not only from activation of tonically active MUs but also from transient recruitment of MUs that were silent during the load compensation. When descending CS influences began to decrease, TMS was less effective in recruiting the previously silent MUs. Only later, with a further decrease in CS facilitation, tonically active MUs began to be de-recruited as well, resulting in a relatively long delay between the onsets of CS de-facilitation and EMG change. In contrast, flexor shortening elicited by sudden unloading or a torque pulse produced a direct decrease in afferent facilitation of tonically active MUs, resulting in a shorter de-recruitment delay. It is unlikely that our evaluations of influences before and after self-unloading were affected by transcortical reflexes resulting from muscle shortening employed in the TMS conditioning technique. Latency of such reflexes is usually evaluated by using muscle stretching, rather than shortening, but in our study muscle shortening was associated with activation of stretched antagonists (Fig. 5A ). Transcortical reflexes typically affect the long-latency stretch reflex component that for wrist muscles is initiated at a latency of about 58 ms (Manning & Bawa, 2011) . This component also depends on the task condition and instruction given to subjects (Hammond, 1956; Crago et al. 1976; Rothwell et al. 1980) . The system usually tolerates a sudden decrease in EMG levels elicited by muscle shortening but not sudden stretching of pre-activated muscles when the system tends to actively diminish the effects of the perturbation (Nashner, 1976; Feldman & Levin, 1995; Turpin et al. 2016) . To minimize the potential effects of transcortical reflexes in our evaluation of CS before and after self-unloading, TMS was delivered 19-25 ms after the muscle shortening onset to get MEPs before the long-latency component of such reflexes (see Methods).
Can anticipation be explained based on the notion of pre-programming of motor outcome?
Although our results suggest that the CS system plays an active role in anticipation during self-unloading, it is still unclear why a similar decrease in the load resulted in a large wrist excursion (about 47 deg) in response to sudden unloading but in a small excursion (about 5 deg) during self-unloading (cf. Fig. 2C and D) .
To answer this question, one can assume that although changes in CS influences were independent of current EMG levels, they predetermined, with some delay, upcoming EMG levels, as also suggested in several models of motor cortical activity (e.g. Churchland et al. 2010; Sussillo et al. 2015) . Using an EMG-force relationship (e.g. Lawrence & De Luca, 1983; De Luca, 1997) one can convert the EMG patterns to muscle forces and, based on Newton's laws, show that the wrist excursion during self-unloading is substantially smaller than during sudden unloading. However, this explanation of the motor behaviour in terms of mechanics misses an essential point.
An important property of the initial and final positions before and after unloading is that they were associated with a stable equilibrium at which balance of forces was achieved (e.g. Raptis et al. 2010 ). Newton's laws per se are not sufficient to suggest that, in either type of unloading, the wrist was driven from one stable equilibrium position to another. Stability should be transferred from the initial to the final position to prevent motion back to the initial position from stabilizing stretch reflex responses (Feldman, 2016) . Another physical law applied to neuromuscular systems states that, although equilibrium positions are associated with balance of forces, the specific position at which balance is established is not defined by forces or other biomechanical variables describing the motor outcome, including EMG levels. It is predetermined by the system's parameters that are set independently of those variables (Feldman & Levin, 1995; Raptis et al. 2010; Feldman, 2015) . The notion that equilibrium positions are not defined by EMG levels is illustrated by examples in which these levels can be similar at different arm positions (Feldman & Latash, 2005; Raptis et al. 2010) .
Other studies have questioned the validity of the hypothesis that the CS system or other descending systems predetermine EMG or kinematic patterns. Indeed, Sangani et al. (2011) and Ilmane et al. (2013) showed that in the case of sudden unloading, CS influences remained unchanged despite substantial changes in the EMG activity and wrist position. Moreover, CS influences substantially changed during active motion from one wrist position to another, whereas EMG levels at these positions were similar (Raptis et al. 2010; Ilmane et al. 2013) . CS influences can thus be de-coupled from EMG patterns to show not only the absence of central pre-programming of these patterns but also that based on these patterns, one cannot explain how balance is transferred from one position to another (Feldman, 2015) .
Threshold position control of anticipation by the corticospinal system
We will use the notion of threshold position control of MNs (Fig. 1) to answer the question of how the nervous system can minimize wrist excursion in anticipation of self-unloading without pre-programming of EMG or kinematic patterns.
In Fig. 7A , the wrist joint angle Q is defined as increasing with lengthening of wrist flexors (F) and shortening of extensors (E). Flexor muscles begin to generate active torque at a threshold position R F . When the load is applied, the wrist is extended until at some position Q, the increasing flexor activity and torque become sufficient to balance the load. If this position is different from that required in preparation for unloading, then the threshold is adjusted to correct the error. The combination of the torque and position at which balance is established is the equilibrium point (a) before unloading. When sudden unloading occurs, the CS system, possibly together with other descending systems, may not react and just maintains threshold R F . The extensor threshold (R E ) can also remain invariant but initially be set close to the flexor threshold such that between these thresholds, flexor and extensor muscles are coactivated (spatial coactivation zone). When the load is suddenly removed, the equilibrium point of the system shifts automatically from a to b located in this zone and the wrist is driven to this attractor point where flexor and extensor muscles generate comparatively small tonic activity, as observed in our experiment ( Fig. 2C and E) .
In contrast, by anticipating a decrease in the load in the self-unloading task, the system can start shifting flexor and extensor thresholds either simultaneously or sequentially in the extension direction with an increase in the coactivation zone (Fig. 7B) . The equilibrium point of the system will be shifted from b to c located in this coactivation zone, and the wrist deflection from the initial position will be minimized. The final tonic coactivation of flexors and extensors will be higher than during sudden unloading. Thus, threshold position control helps explain how the system minimizes the wrist excursion in the self-unloading task. It also qualitatively explains the difference in the EMG patterns in the sudden and self-unloading tasks (Fig. 2C-F) .
In our experiment, CS facilitation of flexor MNs decreased in most subjects tested, which implies that this de-facilitation resulted in an increase of the spatial thresholds of flexor MNs starting prior to the onset and the threshold changes were retained after the offset of self-unloading, as required in the scheme shown in Fig. 7B . In four subjects, CS facilitation of extensor MNs also started prior to self-unloading onset, resulting in shifts in spatial thresholds of extensor MNs in the direction required by this scheme. According to the scheme, to prevent changes in wrist position, in the self-unloading task, both flexor and extensor thresholds should be shifted together, although not necessarily simultaneously.
The required shifts in flexor and extensor angular thresholds were observed only in three subjects (S2, S7 and S10; Fig. 4 ). Hot spots for TMS projecting to wrist flexors and extensors are somewhat separated in the brain (e.g. Capaday et al. 1998; Vallence et al. 2012 ) and the relative excitation of these spots by TMS could vary across subjects and also depends on the TMS coil positioning. There was also a methodological limitation in our analysis of CS influences on extensor MNs. Only changes in MEPs not related to changes in the background extensor J Physiol 595.15 EMG levels were considered as representing true changes in the CS influences. The onset of extensor facilitation was very close to the onset of changes in extensor EMG levels. We disregarded changes in MEPs correlated with changes in the EMG levels. Therefore changes in extensor descending influences could not be identified in all subjects. Also, extensor MEPs were measured prior to, not after, a new EMG level was established following self-unloading. For these reasons one cannot say whether or not the threshold position resetting responsible for anticipation was accomplished differently across subjects. EMG patterns in the self-unloading task were similar across subjects (Fig. 2) , suggesting that they used a similar central control strategy in minimizing wrist excursion.
Conclusions
Our results illustrate that the CS system originating from M1, possibly with other descending systems, accomplishes threshold position resetting in a feedforward way to minimize the wrist excursion in the self-unloading task. As in other motor actions, this central control process causes EMG activity and kinematics to emerge without pre-programming due to deflection of the actual position of body segments from the threshold position.
Our study goes beyond conventional explanations of anticipation in biomechanical and/or usual neurophysiological terms by suggesting that intentional motor actions and anticipation result from changes in the intrinsic state of the motor cortex causing shifts in the attractor point at which mechanical balance in the interaction of the neuromuscular periphery with the environment is achieved.
By maintaining or shifting the thresholds, the system can allow body segments to move to a new equilibrium position or restrict that movement in the respective unloading tasks, without pre-programming of kinematics or muscle activation patterns.
Based on observations that the pre-movement activity of M1 is not directly related to movement characteristics, it has been suggested that the M1 predetermines some unknown dynamical aspects of motor actions (e.g. Churchland et al. 2010) . The framework of spatial threshold control offers a specific interpretation of these aspects: rather than motor commands, the M1 predetermines where, in the spatial domain, these commands can emerge. In the other words, by controlling muscle activation thresholds, the M1, possibly with other brain structures, predetermines the spatial frame of reference in which a task-specific motor action should emerge and initiates this action by shifting this frame. Our results thus advance the understanding of how the motor cortex controls motor actions and their anticipatory aspects. In future studies, one can test the assumption that, as in the self-unloading task, anticipatory postural adjustments in other tasks (Belenkii et al. 1967; MacKinnon et al. 2007; Piscitelli et al. 2017) are produced by shifts in the threshold positions of body segments initiated prior to changes in EMG signals.
